Introduction
Hydrogels are insoluble three-dimensional (3D) crosslinked networks of hydrophilic polymers, widely used as platforms in biomedical applications such as tissue engineered (TE) constructs [1] [2] [3] [4] , drug delivery systems [5] [6] [7] , cell-based therapies [8, 9] , wound dressings [10] , and anti-adhesion materials [11, 12] . As the physical properties of hydrogels resemble the hydrated state of the native extracellular matrix (ECM) [13] , they exhibit high permeability towards oxygen, nutrients and other soluble factors [14] , essential for sustaining cellular metabolism [1, 15, 16] . The hydrogel networks can be fabricated by using physical or chemical crosslinking methods. [17, 18] Physical crosslinking is achieved through the formation of physical bonds between the different polymer chains. For example, ionically crosslinked gels are formed by the interactions between charged polymer chains and counterions that are added in a coagulation bath. [17] However, the uncontrollable exchange of ions in physical conditions reduces their applicability in the TE field.
(GAGs). [33] Furthermore, due to its inherent thixotropic behavior, κ-CA has been used as an injectable matrix to deliver macromolecules and cells for minimally invasive therapies. [34] Although previous studies have shown encouraging results [35] [36] [37] , there is still inadequate control over the swelling properties, degradation characteristic and mechanical properties of ionically crosslinked κ-CA hydrogels. This is mainly attributed to the uncontrollable exchange of monovalent ions with other positive ions from the surrounding physiological environment. [22] Therefore, a modification of κ-CA that would enable the formation of stable crosslinked gels for cell encapsulation in which cell viability is preserved is a new challenge to be addressed. Previously, our work has shown successful chemical modification of natural polymers, leading towards the development of cell-laden platforms, based on photolithography and micromolding. [25, 23, [38] [39] [40] The primary aim of the current study is to design and develop a highly versatile micropatterned κ-CA hydrogel platform through dual-crosslinking mechanisms. We hypothesize that the crosslinking mechanism will influence the mechanical and viscoelastic performance of the developed system. Furthermore, cellular viability within modified κ-CA hydrogels, as well as the production of reactive oxygen species, will be evaluated as an assessment of their biocompatibility, potentiating their use in TE applications.
Results and discussion

Synthesis of methacrylated kappa-carrageenan
κ-CA is a linear, sulfated polysaccharide, composed of alternating 3,6-anhydro-D-galactose and β-D-galactose-4-sulphate repetitive units. It has recently been proposed for drug delivery applications [41] [42] [43] and was shown to exhibit potential to sustain specific cellular responses, such as chondrogenesis of mesenchymal stem cells [36] , or regeneration of an articular defect. [44] κ-CA hydrogels can be formed via ionic crosslinking methods [45] , however, these hydrogels present low stability in physiological settings, mainly due to the permanent exchange of monovalent ions with the ones present in the surrounding environment. To overcome this drawback, we propose the chemical functionalization of κ-CA with methacrylate pendant groups, yielding hydrogels that can be obtained by employing a photocrosslinking procedure. The covalent bonds formed during crosslinking render high stability to the polymer network. Moreover, we hypothesized that the chemical modification along with the already present ionic character of κ-CA, will allow the formation of dual crosslinked hydrogels by combining chemical and physical crosslinking methods. Methacrylated-κ-Carrageenan (MA-κ-CA), with various degrees of methacrylation, was synthesized by substituting the hydroxyl groups on κ-CA with methacrylate groups. The extent of substitution of hydroxyl groups was considered equivalent with the degree of methacrylation ( Fig. 1A) , and was dependent on the volumes of methacrylic anhydride (MA) that were added to the reaction. Proton nuclear magnetic resonance ( 1 H NMR) spectroscopy of the modified polymer, confirmed the methacrylation of κ-CA by the presence of double peaks (vinyl) in the double bond region (δ 5.5-6ppm) and one peak corresponding to the methyl (-CH 3 ) of the methacrylate group at δ 1.9-2 ppm ( Fig. 1B) . To quantify the degree of methacrylation (DM), the degree of substitution of free hydroxyl groups present on the κ-CA backbone was evaluated by comparing the average integrated intensity of the methyl protons peak of the methacrylate group with the methylene groups present in the β-D-galactose (G6) of κ-CA. By adding 4%, 8% and 12% (v/v) MA to κ-CA during the synthesis, it was possible to create three different MA-κ-CA polymers with Low (14.72  5.14 %), Medium (28.91  7.32 %) and High (37.11  7.41%) DM, respectively. Furthermore, Fourier transform infrared spectroscopy with attenuated total reflection (FTIR-ATR) spectra revealed the appearance of the carbon-carbon double bond (C=C) at 1550 cm -1 , accompanied by the occurrence of the characteristic ester peak (C=O) at around 1680-1750 cm -1 , not present in κ-CA, thus confirming the methacrylation of κ-CA (Fig. 1C) . Moreover, all spectra showed an absorbance band at 1250 cm -1 , corresponding to the sulphate content characteristic of κ-CA. This indicates that the inherited sulphate group of κ-CA is also present in the modified formulations, thus it was not affected by the methacrylation reaction conditions. Furthermore, the zeta potential measurements confirmed the anionic potential of modified κ-CA and no significant difference in the overall charge was observed between non methacrylated and the methacrylated κ-CA (Zeta potential = -62.6 ± 1.3 mV and electrophoretic mobility = -5.54 ± 1.1 μm/s/V/cm).
Viscoelastic behavior of MA-κ-CA solutions
κ-CA exhibits a reversible, temperature-sensitive gelation in salt-free conditions, through physical crosslinking. As a consequence, κ-CA chains undergo a sol-gel transition from random coil to coaxial double helix (soluble domains) configuration [46] , as the temperature decreases. The conformational organization into double helices renders the formation of a 3D network maintained by the interaction of the polymeric chains with water through hydrogen bridges. [47] The stability of this interaction allows the 3D network to undertake desired patterns, additionally conferring versatility to the κ-CA. [48] Nevertheless, at room temperature, the κ-CA solutions are highly viscous and are difficult to manipulate resulting in poor processability. [49] By increasing the temperature, the viscosity of κ-CA solutions dramatically decreased mainly due to the thermodynamic instability of the polymer chains. However, the range of temperature that must be employed (50-70 º C) is higher than the physiological temperature, which can compromise the viability of encapsulated cells or the activity of other incorporated bioactive components. Within this context, the viscosity of the precursor solutions of MA-κ-CA was evaluated. At physiological temperature, the modified κ-CA solution showed lower viscosities when compared with the non-modified κ-CA ( Fig. 1D) .
This change in viscosity can be attributed to the reduced interactions between side chains, ultimately leading to less double helix configurations formation.
Viscoelastic properties of κ-CA pre-polymer solutions show shear thinning behavior. At low shear rate (0.1 /s) the viscosity of κ-CA was around ~ 500Pa.s, while at higher shear rate (100 1/s) the viscosity decreased to 1 Pa.s. After modifying κ-CA with methacrylation moieties, shear thinning behavior was suppressed. It was observed that MA-κ-CA requires lower applied shear rates to achieve the same viscosity values of κ-CA. This was mainly due to the disruption of the ordered arrangement of double helix conformations by the presence of side chains.
MA-κ-CA hydrogel fabrication via different crosslinking mechanisms
κ-CA is capable of forming hydrogels through ionic interactions. Potassium salts are essential for κ-CA hydrogel formation, due to the interactions with the sulphate groups present on the backbone of κ-CA. These ionic interactions promote the condensation of the double helices into strong 3D networks. Moreover, the gelation, as well as the density of the ionic bonds in hydrogels, is strongly dependent on the presence, type and concentration of electrolytes. The introduction of methacrylate groups into the κ-CA backbone enables the formation of chemically crosslinked gels via UV exposure. Furthermore, as the anionic character of MA-κ-CA was not affected, it was still possible to form gels in the presence of K + salts. The presence of two functional groups (sulphate and methacrylate) can be independantly used to tune physical properties as well as to encapsulate cells. As a consequence, the combination of two distinct crosslinking mechanisms enhances the versatility of the system, hence the range of potential application within the TE field. Also, it was noticed that the modified κ-CA showed a weaker response to temperature changes, which might be attributed to the additional methacrylate moieties that can hinder the complete packing of the double helix domains. The weak association between a polymer chains in double helix configuration due to functional groups grafted on the polymeric backbone was already reported for other natural origin polymers (eg. gellan gum [50] ).
The schematic of the crosslinking of MA-κ-CA is depicted in Fig. 2 , and highlights the proposed crosslinking mechanisms employed in this study. Briefly, we developed physical (P) crosslinked hydrogels by crosslinking MA-κ-CA in the presence of K + ions; chemical (C) crosslinked hydrogels by photocrosslinking procedure, and a combination of the physical and chemical crosslinking mechanism, denominated as dual (D) crosslinked hydrogels.
Effect of methacrylation degree on swelling properties of the hydrogels
In the context of TE, it is important to expose the polymeric support system to conditions that mimic the native environment found in tissue. A proper evaluation of their behavior within this setup will allow predicting the in vivo performance of the developed hydrogels. The swelling properties are a trademark of hydrogels properties, as these polymeric systems are able to retain water in various percentages dependent on their chemistry. [4] Moreover, the swelling properties of polymeric networks are significantly influenced by water-material interactions. These affect the mass transport characteristics (nutrient and oxygen diffusion, waste disposal) and, consequently, their mechanical properties. [51, 52] κ-CA is a hydrophilic polysaccharide that has shown significant properties changes when dissolved in aqueous solutions with different concentrations in ions. [53] As mass swelling ratio can affect the overall features (shape and size) of a given patterned hydrogel the effect of the degree of methacrylation and crosslinking mechanism on the mass swelling ratio of the polymers hydrogels was evaluated under physiological conditions in Dulbecco's phosphate buffered saline (DPBS, Gibco, USA) and Dulbecco´s Modified Eagle Medium (DMEM, Gibco, USA) at 37ºC. For this purpose, Low, Medium or High DM MA-κ-CA hydrogels were allowed to reach equilibrium over 24 hours in DPBS or DMEM at 37ºC, under dynamic conditions, to measure the mass swelling ratio ( Fig. 3A-B ).
Holding the degree of methacrylation constant, a significant decrease in the mass swelling ratio (***p<0.001) was observed, dependent on the crosslinking mechanism (Fig. 3A) . The chemical crosslinking mechanism allows the hydrogels to retain large volumes of solvent, due to the presence of covalent bonds/interactions. The chemically crosslinked network is highly flexible and allows the extension of the polymeric network without disrupting it. On the other hand, the short exposure to the potassium chloride (KCl) treatment (physical crosslinking) of the MA-κ-CA hydrogels allows the diffusion of monovalent cations within the inner polymeric network, and the formation of strong ionic bonds between the chains. These bonds are less flexible; hence the ability of the polymer to retain the solvent is reduced by the physical crosslinking. By combining both crosslinking mechanisms it is possible to obtain hydrogels that significantly reduce their mass swelling ratio in DPBS.
Conversely, by maintaining the crosslinking mechanism constant, the mass swelling ratio is strongly dependent on the degree of methacrylation. The high MA-κ-CA exhibited significantly lower swelling ratios (*p<0.05 when compared with the Medium MA-κ-CA, and ***p<0.001 when compared with Low MA-κ-CA) due to high crosslinking density. A similar behavior was observed for methacrylated alginate hydrogels where the decrease of dissociation degree occurred with the increase of the degree of methacrylation [24] , as entanglement of covalent bonds reduces the degree of freedom of the network, hence reducing the ability to retain the solvent and enlarge its volume.
When immersed in cell culture media (DMEM) containing monovalent ions, divalent ions and proteins, hydrogels exhibit a similar swelling to DPBS (Fig. 3B) . However, the extent of the swelling is increased in DMEM when compared with DPBS. It is possible that the medium destabilizes the physically crosslinked network, by the substitution of the monovalent ions already present in the inner network of the hydrogel with the divalent ions or proteins present in the media. This allows the hydrogel to expand more and have higher swelling ratios.
Overall, these data suggest that efficient pattern fidelity can be achieved by increasing the degree of methacrylation and applying both chemical and physical crosslinking procedures.
Within these conditions the swelling ratios of the hydrogels are the lowest. Concluding, it is possible to produce hydrogels with adjustable swelling ratios that resemble those of living tissues.
Degradation/dissolution characteristic of the MA-κ-CA hydrogels
The purpose of the dissolution studies was to evaluate the integrity and stability of the crosslinked MA-κ-CA hydrogels in physiological conditions. As the breakage of the polymeric networks is mainly due to ionic exchange and crosslinking strength, the dissolution of dual crosslinked hydrogels in DPBS (ions content) and DMEM (ions and protein content) was evaluated over a period of 21 days. During the dissolution period, κ-CA (physically crosslinked) showed to be less stable when compared with the dual crosslinked MA-κ-CA, in both dissolution media ( Fig. 3C-D) . At day 21, 15% of the initial weight of physically crosslinked κ-CA was lost in DPBS, while in DMEM more than 25% of the initial weight was dissolved in the media. Contrary, it was observed that in the first 7 days of the experiment, all methacrylated formulations present a high stability and no evidence of disintegration/dissolution. At specific incubation time, it was noticed that the high methacrylation degree samples were less affected by the experimental conditions. This suggests that the increase in the degree of methacrylation renders hydrogels with strong bonding, upon chemical crosslinking, that cannot be disrupted by ionic exchange and interaction with proteins present in the culture media. Tuning the dissolution parameters is an interesting tool to use in order to address specific requirements of the TE objective. Therefore, MA-κ-CA presents a versatile behavior in physiological conditions dependent on the degree of methacrylation. Envisioning TE applications, matching the extent to which the hydrogel loses its integrity with the rate at which native ECM is produced is a requirement. [36, 54] MA-κ-CA-based hydrogel possess the different degrees of degradation, dependent on the methacrylation degree.
Effect of methacrylation degree on hydrogels microstructure
The effect of degree of methacrylation on the dry microstructure of polymeric networks was evaluated using scanning electron microscopy. We used freeze-drying method to obtain dried polymeric structures. In this method, dual crosslinked hydrogels made from κ-CA with different methacrylation degree were subjected to a rapid snapshop cooling using liquid nitrogen and then the solvent (water) was removed by sublimation. Although this method cannot be used to visualize the original wet-polymeric network, can be used as a predictive tool of the effect of degree of methacrylation on the dried microstructure of MA-κ-CA, by evaluation of the pore size formed upon drying. The results indicated that κ-CA with high methacrylation degree results in a compact pore structure, with pore size of 18.5 ± 5.3 µm, while the medium and low methacrylated hydrogel showed interconnected structure with pore size of 33.2 ± 8.2 µm and 48.8 ± 10.4 µm, respectively (*** p<0.001, Fig. 4A-G) . The decrease in pore size with an increase in methacrylation degree of dried structure can be attributed to high degree of crosslinking between polymeric chains. These observations in dried conditions are in agreement with the reported swelling behavior and rheological evaluation of the dual crosslinked hydrogels in fully hydrated conditions. In summary, hydrogels with low methacrylation degree have larger pores compared with hydrogels with high methacrylation degrees.
Effect of the degree of the methacrylation on 3D network stability and mechanical strength
Viscoelastic behavior
The oscillatory shear experiments were performed to analyze the viscoelastic properties of the dual crosslinked hydrogels networks. The effect of the methacrylation degree on the viscoelastic properties was evaluated by monitoring the storage (G') and loss (G") moduli.
These parameters provide valuable information about the viscoelastic properties of hydrogels and have been taken into consideration in order to predict the stability of polymeric networks under shear forces. The ratio between the loss and storage moduli is defined as the loss tangent (tanδ = G" / G'), where δ is the loss angle. A stress sweep from 0.1 to 1000 Pa was performed at a constant frequency in order to evaluate the viscoelastic behavior of the dual crosslinked hydrogels. behavior. This transition is correlated to the collapse of polymeric network and consequently of the crosslinking bridges that bear the 3D network. The shift of the crossover point towards higher stresses indicates that hydrogel networks are more stable for increased degree of methacrylation. This behavior was found to be similar to that showed by alginate containing both ionic and covalent links [55] and PEG nanocomposite hydrogels [18, 56] .
Considering hydrogels as cell carrier, modulator and delivery system, it is important to address the stability of the polymeric network under stress-relaxation cycles, reproducing the repetitive force loads that native tissue are being exposed. The ionic crosslinking of κ-CA enables the formation of strong, but brittle network, not compatible with sustained loadings.
In gels with ionic crosslinks, stress relaxes mainly through breakage and consecutive readjustment of the crosslinked bonds. In contrast, in gels with covalent crosslinks, like the methacrylate moieties, stress relaxes through the migration of water within the network [55] , rendering a higher degree of stability within the network.
The mechanical properties of MA-κ-CA hydrogels were characterized by applying repetitive compression cycles on crosslinked hydrogels obtained from MA-κ-CA with different DM (Low, Medium and High). The influence of the applied crosslinking mechanism and MA-κ-CA concentration on the mechanical performance of the developed hydrogels were also considered. Hydrated versus as prepared samples highlight the influence of the hydrated state on the mechanical properties of the hydrogels (Fig. 6A, C) . We observed that due to swelling, compressive moduli of all formulation decreased dramatically, however maintaining a certain trend dependent on methacrylation degree and on crosslinking mechanism (Fig. 6 B, D) .
The increase of the degree of methacrylation augmented the stiffness of the dual crosslinked, due to higher crosslinking density, correlated with decreased mass swelling ratios. The increase in the density of photocrosslinkable units and the methacrylation degree lead to the formation of hydrogels with higher compressive moduli (Fig. 6B) . Dual crosslinked hydrogels with the density of the covalent bonds. [57] The increase in the methacrylation degree renders the formation of tougher hydrogels (Fig. 6C) , due to the increase in the photocrosslinkable units, hence in the covalent bonds after crosslinking.
A similar trend was observed when the polymer concentration was increased. As mentioned above, it was also found a dramatic decrease of the compression modulus in hydrated samples, as compared to that registered for the samples tested as prepared. As explained previously, the affinity for water molecules allows the loss of monovalent ions and loosens the interactions between chains. At increased concentrations of Medium MA-κ-CA (2.5, 5, 7.5 and 10% w/v), the compressive modulus significantly (*p<0.05) increased, due to the tight interactions between the chains as a consequence of crosslinking ( Fig. 6D-E) .
Interestingly, with the increase of methacrylation degree the hydrogels acquired the ability to reversibly deform, without loss of energy. This behavior was not noticed for physical crosslinked κ-CA (Fig. 7A) . The energy loss during deformation is proportional to the hysteresis of the loading curves for the two first cycles (Fig. 7B) . Using 50% strain level, the recovery of the gels after applying a loading cycle is ranging from 84.2 ± 6.5 for Low degree of methacrylation to 96.5 ± 4.1 % for the High degree of methacrylation. Contrary, the κ-CA hydrogels, even possessing higher compressive moduli are not able to recover after the initial loading cycle. This behavior is supported by high energy loss (166.7 ± 17.23 after the first cycle and 87.23 ± 10.34 kJ/ m 3 for the second cycle, respectively) and significantly (***p<0.001) lower recovery percentage (47.5 ± 5.4%) when compared with the modified formulations (Fig. 7C) .
The elastic behavior of the dual crosslinked MA-κ-CA can represent an important asset if we consider the dynamic in vivo conditions. This data is in agreement with the rheology results that demonstrate the stability of the covalent network when applying increased stress rates.
For a gel with ionic crosslinks, the stress relaxes as the crosslinks dissociate and reform elsewhere, so that the network undergoes plastic deformation, hence, the hydrogel cannot recover its initial shape. On the contrary, introducing covalent crosslinks into the hydrogels network, by the photopolymerization process, the stress relaxes as water migrates out of the gel. Therefore, the network undergoes elastic deformation and can recover to the shape prior deformation. [55] Overall, the combination of physical and chemical crosslinking mechanisms resulted in the development of MA-κ-CA hydrogels with tunable mechanical properties, ranging from 3.0 ± 1.7 to 107.0 ± 11.6 kPa. Hydrogels with biologically relevant mechanics can be obtained by means of physiologically compatible procedures, addressing a broad range of applications within the TE framework. Other methacrylate based hydrogels, e.g. gellan gum, displayed similar tunable mechanical properties features, by changing the degree of methacrylation, concentration of polymer and/or crosslinking mechanism. [38] 
3D cell encapsulation in MA-κ-CA hydrogels
Reactive species production (SOx/NOx)
Reactive oxygen species (ROS), such as superoxide anion (SOx), and reactive nitrogen species (RNS), such as the nitric oxide (NOx), are generated as natural products of the cell respiratory metabolism and are produced in response to stress. It has been reported that apoptotic events are associated with direct or indirect activation of ROS. [58] Therefore, the evaluation of the production of these species is of utmost importance to assess to which extent cells are exposed to stress conditions within the developed hydrogels.
The production of SOx and NOx, as indicators of oxidative and nitrosative stress in cells, was evaluated to determine to which extent the chemistry and formulation of hydrogels affected the encapsulated cells (Fig. 8A) . The initial SOx and NOx levels were attributed to stress exercised on cells as these were removed from cell culture flasks by trypsinization and consequent centrifugation and resuspension. However all of these procedures can perturb the levels of the oxides production, as cells react and adjust to the external stress. The encapsulation of cells in hydrogel networks increased the levels of SOx and NOx. As mentioned before, external stress generates a cascade of cellular events that can lead to increased levels of oxidative and nitrosative stress that can cause DNA damage, morphological transformations and cell membrane disruptions. [59] However, the encapsulation in physical crosslinked κ-CA hydrogels does not significantly change the levels of SOx/NOx, when compared with cells alone, except for the High degree of methacrylation MA-κ-CA hydrogels.
On the other hand, the use of a photoinitiator, UV exposure and presence of methacrylate groups can seriously affect the cells integrity and viability, leading to poor functional response. [60] We evaluated the production of SOx/ NOx production levels in NIH-3T3 fibroblast cells as a function of crosslinking mechanism and degree of methacrylation. The photoinitiator and UV light did not show any significant influence on both residual production of SOx and NOx. However, high degrees of methacrylation caused a significant increase on the local levels of reactive species.
3D cell-laden hydrogels
Previous studies have showed that κ-CA hydrogels sustain the viability and enable proliferation of different cell types. [36, 54] Herein, we evaluated the NIH-3T3 fibroblast cells viability encapsulated within photocrosslinked MA-κ-CA hydrogels by using a standard Live/Dead assay (Fig. 8B) . Cell viability was evaluated 3 hours after encapsulation, in order to assess the immediate effect of the applied crosslinking mechanism. The UV exposure time, photoinitiator concentration and methacrylate groups density of the MA-κ-CA formulations, showed no significant effect over the encapsulated cells viability. A long-term effect of the mentioned factors was assessed after 3 days of culture. Again, the viability of the encapsulated cells was not significantly affected.
The feasibility of the modified κ-CA to be used as materials for micromolding approaches was evaluated by creating MA-κ-CA patterns using polydimethylsiloxane (PDMS) templates.
Cell-laden hydrogels of different shapes and sizes and easily manipulated were obtained (Fig.   8C) . It was noticed that the most reliable and consistent patterns were achieved using High MA-κ-CA, mainly due to their low swelling behavior. Overall, the consecutive crosslinking procedures (UV and KCl) and the presence of photoinitiator showed no significant effect on the viability of the cells. These results strengthen the potential of MA-κ-CA hydrogels to be used as cell carriers within a spatially controlled distribution. initiate the crosslinking. After 10 minutes of gentle shacking, samples were removed from the molds and washed in DPBS (Gibco, USA) in order to remove the salt residues. The chemically crosslinked hydrogels were obtained by pipetting 100µL of polymer solution between a Teflon substrate and a glass coverslip separated by a 1mm spacer followed by UV light exposure at 6.9 mW/cm 2 (320-480 nm, EXFO OmniCure S2000, Ontario, Canada) for 40s. To obtain dual crosslinked hydrogels, the chemically crosslinked samples were immersed in a 5% (wt/v) KCl coagulation bath for 10 min and rinsed with DPBS.
Experimental
Synthesis of methacrylated-κ-Carrageenan
Swelling behavior and in vitro dissolution properties:
The effect of the degree of methacrylation and crosslinking mechanisms on the swelling behavior and stability of the hydrogels was determined by evaluation of the hydration kinetics and dissolution behavior.
Briefly, MA-k-CA hydrogels obtained with different crosslinking procedures were lyophilized and weighted (initial dry weight, W DI ) before being transferred to 1.5mL eppendorfs and soaked in 1mL of DPBS and DMEM (Gibco, USA) at physiological temperature (37 o C), under constant shaking (60rpm).
To assess the swelling properties, hydrogels (n=3) were allowed to reach equilibrium in the swelling solution and weighted to determine the wet weight (M W ) after being blotted off with a KimWipe paper to remove the excess liquid from the samples surface. Then the samples were lyophilized to determine their final dry weight (W DF ). The mass swelling ratio was defined as the weight ratio of the liquid (DPBS or DMEM) uptake (M W ) to the weight of the dried hydrogel (M DF ), according to Eq. 1.
Eq. 1
The dissolution degree was calculated by measuring the mass loss of the sample (Eq. 2).
Eq. 2
Scanning electron microscopy (SEM) of dried dual crosslinked MA-κ-CA hydrogels: The microstructure of hydrogels was evaluated using a Scanning Electron Microscopy, SEM (JSM 5600LV, JEOL USA Inc., Peabody, MA, USA) at an acceleration Voltage of 5 kV and a working distance of 5-10 mm. First, hydrogel samples were plunged in liquid nitrogen slush, transferred to eppendorfs and freeze dried for 24 hours. The dry samples were fractured and then mounted on samples holders using double-sided carbon tape. The coating of the samples was performed with gold and palladium using a Hummer 6.2 sputter coated (Ladd Research, Williston, VT, USA). The quantification of the pore size distribution was performed using NIH ImageJ software, based on the SEM pictures. 
Uniaxial compression testing:
To assess the effect of the degree of methacrylation, crosslinking mechanism and polymer concentration over the mechanical behavior of the MAκ-CA crosslinked hydrogels, cyclic compressive tests were performed using an Instron 5542 mechanical machine (Instron, Norwood, MA, USA). κ-CA and MA-κ-CA hydrogel discs (1mm thick, 8mm in diameter, n=6) were tested at a rate of 10% strain/min (0.1mm/min) until 50% of strain, for 5 complete compression-recovery cycles. Samples obtained immediately after crosslinking (as prepared samples) and samples that were allowed to swell in DPBS for . The methylene protons of the βgalactose subunit of κ-CA (G6) were located at δ 3.89 ppm and vinyl groups of the methacrylate (=CH 2 ) were found around δ 5.5-6 ppm, while the methyl group (-CH 3 ) was located at δ 1.9-2 ppm. The D 2 O peak at δ 4.7 ppm was used as internal reference. The degree of methacrylation (DM) was calculated as percentage (%) of the hydroxyl groups substitution with the methacrylate groups per each repeating unit. (C) ATR-FTIR spectra of modified k-CA confirmed the grafting of methacrylate groups onto the polymer backbone. The peak appearing around 1550cm -1 corresponds to the C=C bond of MA and is present in Low, Medium and High MA-k-CA, while is absent in the non-modified counterpart. The C=O absorption band of the ester present around 1680-1750 cm -1 appears in all modified formulations. (D) The viscoelastic behavior of the polymer solutions shows that the methacrylation degree reduces the viscosity of the solutions highlighting the shear thinning behavior of the materials, suitable for injectable approaches. The data acquisition was performed at physiological temperature (37ºC). The effect of methacrylation degree on the loading and unloading cycle during the compression test is shown in hydrogels containing 5 wt. % polymer. The increase in the methacrylation degree increases the density of covalent bonds. As the hydrogels undergoes deformation, these bonds are flexible enough to allow the reorganization of the inner network, and therefore the recovery after deformation. Contrarily the k-CA exhibits an irreversible plastic deformation as the polymer chain collapse after deformation. (C) The energy lost during the cycle can be calculated by determining the area between the curves. Polymer hydrogels are highly elastic and have negligible hysteresis. Increase in the methacrylation degree results in a decrease of energy lost during the cycle. For High formulation the recovery was about 95% compared with the Low formulation, which possessed a 72% potential for recovery. Figure 8 . Cell encapsulation in MA-κ-CA hydrogels. (A) Production of intracellular superoxide (SOx) and nitric oxide (NOx) by NIH-3T3 cells after encapsulation in MA-κ-CA k-CA (5%, wt/v), 0.25% PI (w/v), under UV exposure (40 seconds) and 10 min KCl (5%, wt/v) treatment. Trypsinized and encapsulated cells in k-CA with KCl treatment were used as controls. The assay was carried out using dihydroethidium (DHE) and 4,5-diaminofluorescein diacetate (DAF-2DA) oxidation assay, respectively for SOx and NOx identification. The quantification of the fluorescence intensity was assessed using NIH ImageJ software. Values are represented as average ± SD, n=3. Statistical differences (*p<0.05, **p>0.01) using one way-ANOVA followed by a Tukey post -test). (B) Representative fluorescence images of live (green) and dead (red) encapsulated NIH-3T3 cells in Medium MA-k-CA 5% obtained with different crosslinking mechanism, 3h and 72 hours after encapsulation. (C) Patterns of different shapes and sizes can be obtained with the developed materials by micromolding. Cells can be encapsulated or seeded on a predefined pattern. Scale bar represent 100 μm.
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